The purpose of this study was to determine the higher-level phylogenetic relationships among Carnivora, using a conditional data combination (CDC) approach to analyzing multiple data sets. New nucleotide sequences (851 base pairs from intron I of the transthyretin gene) among 22 representatives of the 11 families of Carnivora were generated and analyzed in concert with, and comparison to, other mitochondrial and morphological character data. Conditional data combination analyses of the four independent data sets (transthyretin intron I, cytochrome b, partial 12S rRNA, and morphology) indicate that the phylogenetic results derived from each generally agree, with two exceptions. The first exception, signal heterogeneity in comparisons involving transthyretin and morphology, provides an example where phylogenetic conclusions drawn from total evidence analyses may differ from conclusions drawn from CDC analyses. The second exception demonstrates that while a CDC method may reject the null hypothesis of homogeneity for a particular partition, including that partition in combined analyses, may nevertheless provide an overall increase in phylogenetic signal, in terms of nodal support for most associations, without altering the topology derived from the combined homogeneous data partitions. Phylogenetic reconstruction among the feliform families supports a sister-group relationship between the hyaenas (Hyaenidae) and mongooses (Herpestidae) and places the African palm civet (Nandinia) as basal to all other living Feliformia. Among the caniform families, CDC analyses strongly support the previously enigmatic red panda (Ailurus) as a monotypic lineage that is sister to Musteloidea sensu stricto (mustelids plus procyonids), in addition to pinniped monophyly and a sister-group relationship between the walrus and sea lions.
INTRODUCTION
Molecular and morphological character evolution has been studied extensively in the eutherian mammal order Carnivora. In general, phylogenetic inferences based on characters derived from morphology have been corroborated by molecular evidence, with few exceptions. All available evidence supports monophyly of the order, which consists of two monophyletic groups, the Feliformia (cats, mongooses, civets, and hyaenas) and the Caniformia (wolves, bears, raccoons, mustelids, and pinnipeds).
Within the living Feliformia, phylogenetic analyses using morphological characters have left within Feloidea relationships unresolved (Flynn et al., 1988) , supported a sister-group relationship between hyaenas and cats (Wozencraft, 1989; Wyss and Flynn, 1993) , or supported a sister-group relationship between hyaenas and mongooses (Hunt, 1987; Véron, 1995) . Molecular evidence has provided weak support for a sister-group relationship between either the civets and mongooses (Wayne et al., 1989; Flynn, 1996) or the hyaenas and mongooses (Véron and Catzeflis, 1993) . In addition, evidence from morphological (Hunt, 1987 (Hunt, , 1989 Véron, 1995) and molecular (Véron and Catzeflis, 1993; Flynn, 1996) characters supports paraphyly of the civet family, Viverridae, by placement of either the African palm civet (Nandinia) as the sister group to all other Feloidea or the fossa (Cryptoprocta) as the sister group to the mongoose family (Herpestidae).
Within Caniformia there exists a well-supported dichotomy between the canids (Canoidea) and arctoids (Flynn et al., 1988; Wayne et al., 1989; Wyss and Flynn, 1993; Slattery and O'Brien, 1995) . The phylogenetic relationships among the arctoid carnivorans are less certain. In particular, the phylogenetic position of the red panda remains equivocal, with evidence from both molecules and morphology supporting a close relationship to the ursids (or ursids plus pinnipeds; Sarich, Lento et al., 1995) rather than the exclusively morphological support for diphyly (Tedford, 1976; Wozencraft, 1989) . The particular placement of Pinnipedia within Arctoidea is more problematic, however, with conflicting evidence in support of a sister-group relationship to the bears (morphology- Wyss and Flynn, 1993) or to the mustelids (molecules- Arnason and Widegren, 1986; Arnason and Ledje, 1993) . Within Pinnipedia, most previous phylogenetic analyses have suggested a closer relationship of the walrus (Odobenus rosmarus) to sea lions (Otariidae) than to true seals (Phocidae; Wozencraft, 1989; Ledje and Arnason, 1996a,b) , but there does exist evidence (Wyss, 1987; Vrana et al., 1994) in conflict with this hypothesis.
The purpose of this study was: 1) to test concordance of carnivoran higher-level phylogenetic relationships that have been well supported by molecular or morphological data and 2) to more precisely resolve, using nucleotide sequence characters from the transthyretin intron I, phylogenetic relationships among families of living Feliformia and Caniformia. Of special interest are: (1) testing monophyly of the Pinnipedia, and if they continue to be supported as monophyletic, determining their closest sister-groups; (2) determining the interrelationships among various arctoid caniform families, including testing whether procyonids are more closely related to ursids or to mustelids; and (3) determining placement of several problematic genera, including the African palm civet (Nandinia) among the feliforms, the red panda (Ailurus) among the caniforms, and the walrus (Odobenus) among the pinnipeds. We investigated these hypotheses using nucleotide sequence characters from a noncoding intron of the transthyretin locus. We chose an intron in hopes of avoiding potential problems of selection and too few sites free to vary, both of which could negatively affect the accuracy and resolution of phylogeny reconstruction (Goldman, 1993; Lockhart et al., 1996) . The transthyretin intron results were analyzed both separately and in conjunction with or in comparison to results from other genes and morphology.
MATERIALS AND METHODS

Transthyretin Intron I
Nucleotide sequence variation in the nuclear transthyretin intron I was examined for 22 species of carnivorans, and 3 noncarnivoran eutherian outgroups (Table  1) . To test familial monophyly and to reduce effects of long branches on resultant phylogenies, we sampled two species from different traditionally accepted subfamilies in each living family, whenever possible (at least one species was sampled for every family); we also sequenced controversial taxa of problematic affinities (e.g., Nandinia, Ailurus). Total genomic DNA was prepared following a modification of Sambrook et al. (1989) . The amplification of the transthyretin intron was performed via polymerase chain reaction (PCR). Original amplification primers were a gift from S. K. Davis (Department of Animal Science, Texas A&M University); 635-5Ј-TGCCTCGCTGGACTGGTATT-3Ј and 1628-5Ј-GACAGCATCTAGAACTTTGACCAT-3Ј. The numbers of the primers refer to the 5Ј end of the oligonucleotide according to the human sequence (Tsuzuki et al., 1985) . The PCR was performed using the following parameters: 94°C denaturation (1 min), 50-60°C annealing (1 min), 72°C extension (2 min) for 30 cycles. The amplified products were extracted and purified (using microcons; Amicon) either directly from the PCR mixture or directly from low-melt agarose (Magic PCR Preps; Promega). Purified fragments were either cloned or sequenced directly. The cloning procedure consisted of ligation into p-Bluescript (Stratagene) plasmid modified to contain thymine overhangs at blunt 3Ј ends by digestion with Eco RV and incubation with dTTP and Taq polymerase (Perkin Elmer-ABD). Taxa that were cloned included the beluga whale (Delphinapterus leucas), giant panda (Ailuropoda melanoleuca), river otter (Lontra longicaudis), bearded seal (Erignathus barbatus), northern fur seal (Callorhinus ursinus), California sea lion (Zalophus californianus), and the second half of the intron for the raccoon (Procyon lotor) and kinkajou (Potos flavus). All other taxa were sequenced directly from the PCR product. Cycle sequencing with dye-labeled terminators was performed according to the manufacturer's instructions (Applied Biosystems Inc.). When the two clones differed, direct sequencing from the PCR product was attempted to determine whether the difference was a polymorphism (equal peak height) or a Taq polymerase error (unequal peak height). In the cases where the two clones differed and direct sequencing was problematic, the site in question was scored as a polymorphism (e.g., A and G ϭ R) or in the case of an extended repeat were coded as lowercase letters (positions that contained repeat elements were excluded from phylogenetic analysis). Sequences were aligned with the aid of the SeqPup (Gilbert, 1995) color-coded editor. A large 266-base-pair insertion specific to Caniformia was excluded from phylogenetic analyses considering that it had multiple repeat elements that made alignment difficult. The total number of sites remaining was 851 (291 parsimony informative) available for phylogenetic analysis.
Phylogenetic Analyses
Phylogenetic analyses were performed using both maximum parsimony and maximum likelihood (PAUP: Swofford, 1993; Phylip: Felsenstein, 1993) . Maximum parsimony searches were performed using 10 heuristic searches, employing the tree bisection-reconnection search option and a randomized input order of taxa. Maximum likelihood searches were performed using a transition/transversion ratio ranging from 2 to 10, empirical base frequencies, and a model which allows for inequalities of equilibrium base compositions and for inequalities of the rate of transitions and transversions (described in Felsenstein and Churchill, 1996) . In addition, the Hidden Markov Model was used to correct for variation among sites in rate of evolution (Felsenstein and Churchill, 1996) . Bootstrap proportions (BS; Felsenstein, 1985) for maximum parsimony analyses were obtained using 100 bootstrap replicates, each consisting of 10 heuristic (tree bisection-reconnection) searches in which the input order of the taxa was randomized. Bootstrap proportions for maximum likelihood analyses were obtained using 100 bootstrap replicates using the ''asis'' addition sequence of taxa. In addition, the decay index (DI ; Bremer, 1988 ; the number of extra steps required for a clade not to be unequivocally supported) was calculated in maximum parsimony analyses.
Combined Evidence
The conditional data combination (CDC) approach (e.g., Bull et al., 1993; de Queiroz et al., 1995) was used to generate the best carnivoran phylogenetic estimate using all the available data. We prefer the logic of Bull et al. (1993) , whereby a distinction is made between conflicting signal (either phylogenetic or signal due to some selective process) and background noise or homoplasy. The difficulty lies in how this distinction is made. Several statistical tests have been described to quantify the degree of heterogeneity among data partitions. These include the incongruence length difference (ILD) test (also termed the partition homogeneity test; Mickevich and Farris, 1981; Farris et al., 1995) , the Wilcoxon signed ranks test (WSR; Templeton, 1983; Larson, 1994) , the compare-2 permutation test (Swofford, 1997) , the topological incongruence test (Rodrigo et al., 1993) , and the Kishino/Hasegawa test (Kishino and Hasegawa, 1989) . These tests each have been demonstrated to have their benefits and drawbacks (e.g., Mason-Gamer and Kellogg, 1996) , but the interpretation of the results from these tests can often lead to many independent phylogenetic estimates and even a loss of accuracy in estimates of phylogeny (Cunningham, 1997) . In this study we measure data partition incongruence by the level of nodal support for conflicting topologies, defined by bootstrap proportions in maximum parsimony analyses (less certain is how to interpret decay indices in comparison between data sets) and bootstrap proportions as well as likelihood ratio tests of the branch lengths (Felsenstein, 1993) in maximum likelihood analyses (de Queiroz, 1993) . By using nodal support, it is assumed that the level of (Hillis and Bull, 1993; Mason-Gamer and Kellogg, 1996) or nodes failing the likelihood ratio test] were collapsed followed by a comparison of topologies. Data sets with strongly supported, but discordant, topologies were not combined in the same analyses, unless an attempt was made to correct for the heterogeneous signal (e.g., rate heterogeneity among sites). Data partitions were not combined when there existed at least one node in conflict that had a bootstrap Ն70%. The CDC procedure was performed separately for maximum parsimony and maximum likelihood. The four data partitions used in this study were nucleotide sequence data from transthyretin intron I, cytochrome b, 12S rRNA, and characters derived from morphology. The 12S rRNA sequences were aligned according to the secondary structure a In some cases the same species that was sequenced for transthyretin had not been sequenced for the cytochrome b or 12S rRNA genes. Taxa in parentheses represent the most closely related species available in GenBank to those sequenced for transthyretin intron I.
b Vocher numbers refer only to the new sequences generated in this study: AF, University of Alaska, Fairbanks; ALG, Al Gardner, USFWS; BZ, Brookfield Zoo, Illinois; FMNH (PL), Field Museum of Natural History, Illinois; JCK, Julian Kerbis, FMNH; LF, Laurence Frank, University of California, Berkeley; LRH, Larry Heaney, FMNH; LSUMZ, Louisiana State University, Museum of Zoology; NZP, National Zoological Park, Washington; ROM, Royal Ontario Museum, University of Toronto; SDZ, San Diego Zoo, California; SA-PL, Shedd Aquarium, Chicago, Illinois; SLZ, St. Louis Zoo, Missouri; SMG, Steve Goodman, FMNH; UVM, University of Vermont, Bill Kilpatrick.
c Tsuzuki et al. (1985) ; transthyretin intron I. d Arnason et al. (1995) ; cytochrome b. e Masuda et al. (1994) ; 12S rRNA. f Janczewski et al. (1995) ; 12S rRNA. g Ledje and Arnason (1996a) ; cytochrome b. h Lento et al. (1995) ; 12S rRNA. i Vrana et al. (1994) ; 12S rRNA. j Zhang and Ryder (1993) ; 12S rRNA. k Talbot and Shields (1995) ; cytochrome b. models of Gutell et al. (1985) and Hickson et al. (1996) . Highly variable regions, containing nucleotide positions that could not be unambiguously aligned due to multiple indels, were excluded from the analyses (positions 2266-2271, and 2545-2553 in reference to the alignment submitted to the GenBank database). The total number of 12S rRNA sites removed was 15, leaving 347 sites (78 parsimony informative) available for phylogenetic analysis. The total number of cytochrome b sites was 1140 (464 parsimony informative). The morphology data included 64 characters (53 parsimony informative) taken from Wyss and Flynn's (1993) matrix of carnivoran families. With regard to the inclusion of the African palm civet (Nandinia binotata) in the morphological character matrix, the characters of the family Viverridae were not simply duplicated but specific binary characters were recoded (14, 15, 17, 19, 20, 21 ; all coded as 0) as per Wyss and Flynn's (1993) comments. In addition, the morphological character matrix of Véron (1995) was used in phylogenetic reconstructions involving Feloidea.
RESULTS
Transthyretin Intron I
Maximum parsimony phylogenetic reconstruction of the transthyretin intron I sequences resulted in a single most-parsimonious tree [ Fig. 1 ; total length (TL), 917, excluding uninformative characters; consistency index (CI), 0.634; retention index (RI), 0.758]. Several phylogenetic observations can be made from the cladogram. First, consistent with contemporary classifications, there was strong support not only for dividing Carnivora into two monophyletic clades, the Feliformia and Caniformia, but also for monophyletic ''dog-like'' (Canoidea; BS/DI ϭ 97/8) and ''bear-like'' (Arctoidea; BS/DI ϭ 100/18) clades within Caniformia. Second, within the Feliformia, the African palm civet (Nandinia binotata) was basal to the remaining feloid taxa (BS/DI ϭ 100/14), causing the civet family (Viverridae) to be paraphyletic. The remaining feloid families were monophyletic, but the relationships among the families FIG. 1. Phylogenetic relationships among carnivorans using equally weighted maximum parsimony and maximum likelihood analyses of transthyretin intron I sequences. A single-most parsimonious tree (TL, 917; CI, 0.634; RI, 0.758) resulted from 100 heuristic (tree bisection-reconnection) searches in which the input order of the taxa was randomized. Bootstrap proportions are to the left of the slash, and decay indices are to the right. Maximum likelihood analyses resulted in an identical topology (log likelihood ϭ Ϫ7311.499). The maximum likelihood bootstrap proportions are shown in italics above the branches and the arrows represent branch lengths that are not significantly greater than zero as defined by likelihood ratio tests (Felsenstein, 1993) .
were more equivocal, with the highest degree of support (BS/DI ϭ 78/3) for a sister-group relationship between the hyaenas (Hyaenidae) and mongooses (Herpestidae). Third, within the Caniformia, the pinnipeds were monophyletic (BS/DI ϭ 100/28) and the walrus (Odobenus rosmarus) was the sister taxon to the sea lions (Otariidae; BS/DI ϭ 100/8). The phylogenetic position of the pinnipeds with respect to the other arctoid carnivorans was more equivocal, with weak support (BS/DI ϭ 66/1) for a sister-group relationship to the Musteloidea (mustelids plus procyonids). Finally, while there was strong support (BS/DI ϭ 100/14) for a clade containing the red panda (Ailurus fulgens), the raccoon family (Procyonidae), and the otter and weasel family (Mustelidae), the phylogenetic relationships among these three musteloid groups were equivocal (BS/ DI ϭ 53/1).
The maximum likelihood criterion produced a topology (log likelihood ϭ Ϫ7311.499) that was identical to that derived from maximum parsimony (Fig. 1) . The topology remained stable when rate heterogeneity among sites was corrected for using the Hidden Markov Model (Felsenstein and Churchill, 1996) . Based on the likelihood ratio tests of the branch lengths, as implemented in Phylip (Felsenstein, 1993) , the branches supporting a sister-group relationship between the pinnipeds and Musteloidea (including the red panda) and the sister-group relationship between the civets (Viverridae, excluding the African palm civet) and the mongoose/hyaena clade (Herpestidae and Hyaenidae) did not have lengths that were statistically significantly greater than zero. The relatively high bootstrap value (BS ϭ 88) of the node supporting the sister-group relationship between the pinnipeds and Musteloidea, versus the likelihood ratio test result of the likelihood branch length, indicates that while the node was reproducible through resampling of the characters, there was little character support, in terms of nucleotide substitutions, along the branch supporting a sister group between the pinnipeds and Musteloidea.
Cytochrome b
Saturation plots (not shown) were constructed to compare the rates of transitions and transversions among first, second, and third codon positions. The plots illustrated a similar pattern of saturation to that described by Irwin et al. (1991) , who sampled the mitochondrial cytochrome b gene from many mammalian groups. Thus, we invoked a similar weighting scheme, whereby differential weights were assigned to each codon position [e.g., transversions only at third position; all substitutions at second position; and all substitutions at first position with changes involving leucine at the first position recoded as Y (the generic symbol for a pyrimidine)]. Maximum parsimony analyses resulted in a single most-parsimonious tree that was remarkably concordant with that of the transthyretin intron. The only differences between the topologies involved the position of the pinnipeds basal to all of Caniformia in the cytochrome b tree, rather than positioned as the sister group to Musteloidea (including the red panda) as in the transthyretin intron I tree. This conflict among topologies was not significant, however, based on the low levels of bootstrap support and decay indices for the conflicting nodes (BS/ DI ϭ Ͻ50/2). Maximum likelihood analyses of the ''weighted'' cytochrome b characters resulted in a topology that was concordant with the maximum parsimonyderived topology of the transthyretin intron characters, except for relationships involving basal Arctoidea which were supported with bootstrap values Ͻ50%. Thus, under maximum parsimony and maximum likelihood, the phylogenetic signal from cytochrome b was not significantly heterogeneous with respect to the phylogenetic signal from the transthyretin intron I.
12S rRNA
Saturation plots (not shown) were made for stems and loops separately, to compare the rates of transitions to transversions in reference to secondary structure. No obvious pattern was apparent, with the possible exception of loop transitions saturating more quickly than the remaining substitutions. In addition to equal weighting of characters in parsimony analysis, various alternative weightings were employed, including loop transitions downweighted by 1 and by 5; all transitions downweighted by 1, 5, and 10; and transversions only. All parsimony analyses of 12S rRNA in which transitions were included, regardless of how they were weighted, reconstructed the same phylogenetic relationships. These relationships were very different from the transthyretin intron I and cytochrome b trees and did not reproduce nodes that were well corroborated in other molecular and morphological studies. Collapsing nodes with bootstrap values less than 70%, however, resulted in a large polytomy, with the exception of the Felis/Panthera sister group. Transversion-only parsimony analyses, however, resulted in greater bootstrap support and a higher percentage of nodes that corroborated robust phylogenetic results from other studies. Even so, some of the nodes that were in conflict with the transthyretin intron and cytochrome b had bootstrap values Ͼ70%. In particular, the families Mustelidae and Procyonidae were paraphyletic (BS/DI ϭ 82/2 and 79/1, respectively). Thus, comparisons among topologies derived from maximum parsimony analyses of the three molecular data sets provided evidence that the 12S rRNA data should not be included in a combined analysis. Considering that among-site rate variation has been demonstrated in the 12S rRNA gene among rodents (Sullivan et al., 1995) , maximum likelihood comparisons were performed using several models to test for the presence of rate heterogeneity among sites. The best fit (log-likelihood ϭ Ϫ1631.42) was found when rate heterogeneity among sites was incorporated into the likelihood model and was a significant improvement (P Ͻ 0.05), as defined by likelihood ratio tests, over a single-rate model (log-likelihood ϭ Ϫ1807.16). In view of these results, phylogenetic analyses of the 12S rRNA sequences was performed using a Hidden Markov Model that included a parameter for among-site rate variation. Similar to parsimony reconstruction, maximum likelihood analyses also produced paraphyletic Mustelidae and Procyonidae families, which was in conflict with the topologies derived from the other data sets, but the level of bootstrap support was below 70%. It was concluded that under the transversion parsimony criterion, but not under maximum likelihood, the 12S rRNA data set had conflicting signal compared to the transthyretin intron and cytochrome b data sets and thus was not included in a combined parsimony analysis.
Morphology
A cladistic analysis of 64 characters for the 11 families of Carnivora (Wyss and Flynn, 1993) revealed three most parsimonious trees (branch-and-bound search: TL, 102; CI, 0.588; RI, 0.710). The strict consensus (Fig. 2) was quite different from the trees estimated from the transthyretin intron I (Fig. 1) . Every node in conflict, however, had a bootstrap value Յ65% in the morphology tree, with the exception of the sister-group relationship between the cats and hyaenas (Felidae and Hyaenidae; BS/DI ϭ 95/6). In addition, maximum parsimony was performed on the feloid morphological character matrix of Véron (1995) and while the complete data set did not support a sister group between the cats and hyaenas, a partial data set from Véron (1995) , including only those taxa that were represented in the transthyretin intron I character matrix, did support (BS/DI ϭ 78/3) a cat/hyaena sister-group relationship. Thus, the only robustly supported discordant relationship between the morphological and transthyretin data set involved the sister-group relationship between cats and hyaenas (Felidae and Hyaenidae).
This sister-group relationship is of interest because it had been questioned by Werdelin and Solounias (1991;  published after Wyss and Flynn, 1993, went to press), who suggested that some of the morphological synapomorphies used by Wyss and Flynn (1993) to link Felidae and Hyaenidae may be convergent. Specifically their data indicated that six of the putative (Wyss and Flynn, 1993) eight synapomorphies uniting the two families were independently derived within the Felidae and Hyaenidae. Support for this conclusion was based on a phylogenetic analysis of morphological variation among fossil and extant members of the family Hyaenidae. They demonstrated that many of the characters present in extant representatives of the Hyaenidae were quite different, or even absent, in basal fossil hyaenids. Thus, if their geometry of interrelationships of fossil and living hyaenids is even partially correct, representing the family Hyaenidae by characters derived only from extant taxa is clearly erroneous. With   FIG. 2. A strict consensus tree of maximum parsimony-based inferences of the phylogenetic relationships among carnivorans using equal weighting of 64 morphological characters (Wyss and Flynn, 1993) . Three most-parsimonious trees (TL, 102; CI, 0.588; RI, 0.710) resulted from a branch-and-bound search. Bootstrap proportions are to the left of the slash, and decay indices are to the right. The inset refers to the feliform portion of the strict consensus tree derived from four most parsimonious trees (TL, 100; CI, 0.580; RI, 0.698) that resulted from a branch-and-bound search of the morphological characters after a recoding of the hyaenid family (see Results for description). this in mind, the morphological data set was recoded, taking into account fossil evidence within the hyaenid family (Werdelin and Solounias, 1991) . Specifically, for the family Hyaenidae six characters were recoded in Wyss and Flynn's (1993) matrix (characters 12, 40, 45, 46, 50 , and 56 were recoded as state ''zero'') and four characters were recoded in Véron's (1995) matrix (CAR 10, 2 ⇒ 1; CAR 44, 2 ⇒ 0; CAR 45 and 50, 1 ⇒ 0). Reanalyses of the recoded morphological data of Wyss and Flynn (1993) yielded four most parsimonious trees, of which the strict consensus depicted the African palm civet (Nandinia) as sister group to a polytomy among the four feliform families (Fig. 2, inset: TL, 100; CI, 0.580; RI, 0.698). Reanalyses of Véron's (1995) recoded matrix yielded three most-parsimonious trees which produced a strict consensus tree that supported a polytomy among the viverrids, the African palm civet (Nandinia), and a clade containing a trichotomy (BS/ DI ϭ 63/1) among the herpestid, felid, and hyaenid families. Thus, after taking into account Hyaenidae fossil evidence, the reconstruction of feliform relationships, based on either Wyss and Flynn's (1993) or Véron's (1995) morphological characters, was no longer in conflict with the reconstructions based on the transthyretin intron I.
Combination of Data under the Maximum Parsimony Criterion
The results from maximum parsimony analyses indicated a lack of heterogeneous signal among the transthyretin intron I, cytochrome b, and morphology (after taking into consideration fossil taxa) data partitions. Therefore, all three partitions were combined in maximum parsimony analyses.
Available taxonomic sampling restricted the phylogenetic reconstruction of the feliforms to the transthyretin intron I and the morphological data matrices. A single most-parsimonious tree (TL, 807; CI, 0.654; RI, 0.805) resulted from the combined transthyretin intron and Wyss and Flynn's (1993) recoded morphological data matrix, which was identical to that derived from the transthyretin intron I alone (Fig. 1) . In comparing the two trees (transthyretin intron I alone vs combined), support for placing the family Hyaenidae as the sister group to the mongooses (Herpestidae) decreased from a BS/DI of 78/3 to 69/2, while the support for placing the civet family (Viverridae, excluding Nandinia) as the sister group to the hyaena/mongoose clade increased from a BS/DI of 61/1 to 64/2. As in either analysis alone, the African palm civet (Nandinia) was positioned basal to the remaining feliforms with a strong degree of support (combined analyses; BS/ DI ϭ 100/12). When Wyss and Flynn's (1993) character matrix was replaced by Véron's (1995) , the resultant phylogeny was similar, except for a slight loss of resolution in a trichotomy among the civets, hyaenas, and mongooses. Discounting the six putative synapomorphies uniting Hyaenidae and Felidae that the data of Werdelin and Solounias (1991) indicate are likely to be independent derivations (not present primitively in hyaenids), two characters remain in support of a hyaenid/felid sister-group relationship. One character was the absence of the ml talonid (character 41; Wyss and Flynn, 1993) . The second character, Wyss and Flynn's (1993) character 28, entails a remarkable similarity between the cephalic arterial blood supply in the hyaenids and felids. Specifically, the blood supply to the brain has been shifted from an internal carotid artery supply to an external carotid artery supply with enormous extra-and intracranial arterial retes (Bugge, 1978) . The most parsimonious reconstruction of this circulatory character onto the phylogeny derived from the combined transthyretin intron I and morphology data is an independent derivation of this feature in the felids and hyaenids (assuming the ancestral condition was the absence of the rete). If this is true, this is a remarkable example of morphological convergence.
Available taxonomic sampling among the data sets was more comprehensive for the Caniformia than for the Feliformia, which allowed the inclusion of all three homogeneous partitions (transthyretin intron I, cytochrome b, and morphology) in a single file for parsimony analyses. The single-most parsimonious tree ( Fig. 3: TL, 1412 ; CI, 0.559; RI, 0.676) that resulted from the heuristic searches was significant for several reasons. First, consistent with contemporary classifications, the dog family (Canidae) was positioned basal to the arctoid carnivorans with a strong degree of support (BS/DI ϭ 100/13). Second, the combined signals strongly supported the placement of the red panda (Ailurus) not only within a clade containing the raccoons and otters/ weasels (BS/DI ϭ 96/12), but as the sister group to a monophyletic Musteloidea sensu stricto (raccoons and otters/weasels) clade (BS/DI ϭ 99/13). Third, the sistergroup to Musteloidea sensu lato (including the red panda) was not Pinnipedia as in the analyses of the transthyretin intron I alone, but the bear family (Ursidae) with weak support (BS/DI ϭ 56/2).
Combination of Data under the Maximum Likelihood Criterion
The results from previous maximum likelihood analyses indicated a lack of significant conflict in phylogenetic signal among all data sets. Thus, every data set was included in combined analyses, except for the morphological characters, which are not applicable under the molecular evolution models used in maximum likelihood. The combined data were analyzed using a variety of models, and while models that included rate heterogeneity among sites gave the highest log-likelihoods, all analyses resulted in the same phylogenetic relationships (Fig. 4) . The relationships were very similar to those derived from maximum parsimony analyses (Fig. 3) , except for the placement of 
FIG. 4.
Phylogenetic relationships among Caniformia inferred by maximum likelihood analyses of all molecular data partitions (transthyretin intron I, cytochrome b, and 12S rRNA). Among maximum likelihood analyses, the highest log likelihood (Ϫ12931.845) resulted when rate heterogeneity among sites was corrected for by using the Hidden Markov Model (Felsenstein and Churchill, 1996) . Values at nodes represent bootstrap proportions and all branches had lengths significantly greater than zero as defined by likelihood ratio tests (Felsenstein, 1993) . the pinnipeds as the sister-group to musteloids (mustelids, procyonids, and red panda) rather than to the remaining arctoids. The degree of support (BS ϭ 84) for the pinniped/musteloid sister-group relationship derived from maximum likelihood was higher than the node supporting the bear/musteloid sister-group relationship derived from maximum parsimony (BS ϭ 56). When the morphological characters were removed from the maximum parsimony analyses, the resulting topology was identical to that of the maximum likelihood tree (but parsimony support values for the pinniped/ musteloid sister group were BS/DI ϭ Ͻ50/1).
DISCUSSION
Phylogenetic Relationships
The phylogenetic relationships among the feliform families have been difficult to resolve regardless of the type of characters used. By far the greatest amount of research has been performed using morphological characters, but a phylogenetic consensus has yet to be reached (see Flynn et al., 1988) . Depending upon which characters were used and how they were coded, the phylogenetic estimates differed dramatically (Hunt, 1987 (Hunt, , 1989 (Hunt, , 1991 Flynn et al., 1988; Wayne et al., 1989; Wozencraft, 1989; Werdelin and Solounias, 1991; Wyss and Flynn, 1993) . The two areas of congruence that were found among these studies involved the sistergroup relationship between the cats and hyaenas (Wozencraft, 1989; Wyss and Flynn, 1993) and the paraphyletic status of the civet family (Hunt, 1987 (Hunt, , 1989 Véron and Catzeflis, 1993; Véron, 1995; Flynn, 1996) . The combined evidence transthyretin intron I and morphology parsimony analyses in this study corroborated the placement of the African palm civet (Nandinia) basal to the remaining feliforms, thus supporting a paraphyletic civet family. The sister-group relationship between the cats and hyaenas, however, was shown to be a taxonomic sampling artifact and was not supported by either the recoded morphology or the transthyretin sequences. Rather, there was weak support (BS/DI ϭ 69/2) for a sister-group relationship between the mongooses and hyaenas, followed by the civets (BS/DI ϭ 64/2).
While the phylogenetic relationships among the caniforms generally have been more well resolved than among the feliforms, there still remains several phylogenetic uncertainties involving the arctoid carnivorans. First is the monophyletic status and phylogenetic position of the pinnipeds (seals, sea lions, walrus). Strong support for pinniped monophyly has been found in characters of molecules (e.g., Sarich, 1969; Arnason and Widegren, 1986; Vrana et al., 1994; Lento et al., 1995; Ledje and Arnason, 1996a,b) and morphology (e.g., Wyss, 1987 Wyss, , 1988 Berta et al., 1989; Wyss and Flynn, 1993) but some morphological characters have supported diphyly (e.g., Tedford, 1976; Wozencraft, 1989) .
Previous phylogenetic attempts to provide evidence for the sister group to the pinnipeds have been less than satisfactory. Morphological characters (Wyss and Flynn, 1993; Hunt and Barnes, 1994) support the bears as the sister group, DNA-DNA hybridization (Arnason and Widegren, 1986) supports the mustelids as the sister group, and nuclear amino acid sequences (Miyamoto and Goodman, 1986 ) and mitochondrial DNA sequences (Dragoo and Honeycutt, 1997) support the Musteloidea [Procyonidae (raccoons) and Mustelidae (otters/weasels/skunks); Mustelidae was paraphyletic in Dragoo and Honeycutt's (1997) analyses] as the sister group. Phylogenetic reconstruction using the transthyretin intron I alone and in conjunction with the other data partitions have provided strong support for pinniped monophyly (Figs. 1, 3, and 4) , but have demonstrated conflict in signal, albeit weak, between molecular and morphological characters in resolving the sister group to the pinnipeds. While maximum parsimony performed on the morphological characters alone resulted in a sister-group relationship between ursids and pinnipeds (BS/DI ϭ 71/3), maximum parsimony performed on the combined transthyretin intron and cytochrome b molecular characters resulted in the pinnipeds as the sister group to Musteloidea (mustelids, procyonids, and the red panda; BS/DI ϭ 54/1). Notwithstanding that the greatest degree of bootstrap support was found for a sister-group relationship between the pinnipeds and Musteloidea (BS ϭ 84), which resulted from maximum likelihood analyses of the molecular characters, the phylogenetic position of the pinnipeds has yet to be satisfactorily resolved.
The phylogenetic position of the walrus (Odobenus rosmarus) within the pinnipeds has been the subject of a related debate. Traditionally (e.g., Tedford, 1976; Wozencraft, 1989) , the walrus has been considered a close relative of the Otariidae (''eared'' seals or sea lions) but some morphological analyses have suggested that the walrus may be sister to the Phocidae (''true'' seals; Wyss, 1987; Wyss and Flynn, 1993) . Molecular sequences have been used recently to test the walrus/ Phocidae sister-group hypothesis, and mitochondrial sequences have strongly rejected the hypothesis in favor of the traditional view (walrus sister to Otariidae; Vrana et al., 1994; Lento et al., 1995; Ledje and Arnason, 1996a,b; Dragoo and Honeycutt, 1997) . Combined maximum parsimony and likelihood analyses resulted in strong support (BS ϭ 100) for the traditional walrus/sea lion sister-group hypothesis.
The final phylogenetic uncertainty involving the arctoid carnivorans are the relationships involving the procyonids (raccoons/kinkajous), mustelids (otters/ weasels/skunks), and the red panda (Ailurus fulgens). The three primary hypotheses are that the red panda is sister to the bear family (Urisidae); sister to the raccoon family (Procyonidae), otter/weasel family (Mustelidae), or both (Musteloidea sensu stricto) ; or in a completely separate family (a phylogenetically uninformative statement). Morphological characters provide evidence to suggest that the red panda has some affinity with the bears (Wozencraft, 1989 ; sister group to bears and pinnipeds, Wyss and Flynn, 1993) . DNA-DNA hybridization data (Wayne et al., 1989) , isozyme genetic distances, and some mitochondrial 12S rRNA sequences (Slattery and O'Brien, 1995 , but see Zhang and Ryder, 1993 , and Ledje and Arnason, 1996b ) provide evidence to suggest that the red panda may be a member of the Procyonidae. Other studies based on 12S rRNA and cytochrome b mitochondrial gene sequences provide evidence for the red panda to be a monotypic lineage in its own family (Zhang and Ryder, 1993; Ledje and Arnason, 1996a,b) and of ambiguous affinities relative to other arctoids. Both maximum parsimony and maximum likelihood phylogenetic reconstructions of the combined evidence in this study strongly supported a sister-group relationship between the red panda and Musteloidea (sensu stricto; procyonids and mustelids).
Conditional Data Combination
In this study we demonstrate that the CDC approach assisted in the detection of erroneous morphological character assignments for the hyaenid family. In comparing the phylogeny derived from the transthyretin intron I to Wyss and Flynn (1993) and Véron's (1995) morphological phylogenies, it was demonstrated that the data sets contained heterogeneous signals (defined by conflicting nodes with bootstrap proportions Ͼ70%). Assessing character incongruence led to the fossil hyaenid study of Werdelin and Solounias (1991) , which included both fossil and living taxa and convincingly demonstrated that many of the putative synapomorphies uniting the felids and hyaenids are actually independent derivations when basal fossil taxa are included. After recoding the appropriate characters, phylogenetic reconstructions no longer supported a heterogeneous signal between the molecular and morphological data sets, allowing the data to be combined in phylogenetic analyses, which resulted in a sistergroup relationship between the hyaenas and mongooseus (BS/DI ϭ 69/2). Had we performed a combined analysis (total evidence) without discovering the character incongruence, we would have concluded that there exists support for a sister-group relationship between the cats and hyaenas (BS/DI ϭ 84/5) based on inaccurate evidence.
In addition, the CDC approach assisted in the determination that transversion parsimony was an inappropriate method of phylogenetic inference for the 12S rRNA characters and that maximum likelihood was able to compensate for the molecular bias responsible for the heterogeneity in signal as compared to the other data sets. Notwithstanding this observation, when ''total evidence'' maximum parsimony analyses were performed (including transversion-only weighting for the 12S rRNA sequences), the resulting topology did not change from the CDC combined analyses ( Fig. 3 ; excluding 12S rRNA). Moreover, decay indices increased on the node supporting Musteloidea sensu stricto (from 13 to 14) and the placement of red panda as the sister group to Musteloidea sensu stricto (from 12 to 14). The only decrease in resolution involved the sister group between Procyon and Potos (from 18 to 16). This observation supports Sullivan's (1996) claim that while tests of homogeneity may provide evidence to keep data partitions separate in phylogenetic analyses, combining certain heterogeneous partitions sometimes may actually lead to a more robust phylogeny in some particulars. This is not to advocate the strict total evidence approach. In fact, we agree with Bull et al.'s (1993) argument that some data sets can be ''positively misleading'' and incorporation of these data into ''total evidence'' analyses can lead to erroneous estimates of phylogeny, as we have documented in the hyaenid example above. What has yet to be determined, however, is an accurate measure of heterogeneity among data partitions that can differentiate between compromising the integrity of the existing phylogenetic signal(s) and sustaining and/or promoting the phylogenetic signal(s).
